The study of touch-evoked behavior allows investigation of both the cells and circuits that generate a response to tactile stimulation. We investigate a touch-insensitive zebrafish mutant, macho (maco), previously shown to have reduced sodium current amplitude and lack of action potential firing in sensory neurons. In the genomes of mutant but not wild-type embryos, we identify a mutation in the pigk gene. The encoded protein, PigK, functions in attachment of glycophosphatidylinositol anchors to precursor proteins. In wild-type embryos, pigk mRNA is present at times when mutant embryos display behavioral phenotypes. Consistent with the predicted loss of function induced by the mutation, knock-down of PigK phenocopies maco touch insensitivity and leads to reduced sodium current (INa) amplitudes in sensory neurons. We further test whether the genetic defect in pigk underlies the maco phenotype by overexpressing wild-type pigk in mutant embryos. We find that ubiquitous expression of wild-type pigk rescues the touch response in maco mutants. In addition, for maco mutants, expression of wild-type pigk restricted to sensory neurons rescues sodium current amplitudes and action potential firing in sensory neurons. However, expression of wild-type pigk limited to sensory cells of mutant embryos does not allow rescue of the behavioral touch response. Our results demonstrate an essential role for pigk in generation of the touch response beyond that required for maintenance of proper INa density and action potential firing in sensory neurons. touch response; Nav; glycophosphatidylinositol-anchored protein; Pigk; Rohon-Beard cells THE ZEBRAFISH macho (maco tt261/tt261 
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) mutant was isolated in a large-scale genetic screen for locomotor and behavioral defects . maco (formerly mao) mutants swim but have a reduced response to touch evident from the time tactile sensitivity first appears . In addition, maco mutants display aberrant mapping of retinal ganglion cell axons to the tectum, an activity-dependent process (Gneugge et al. 2001; Trowe et al. 1996) . Similar to other zebrafish mutations in genes with essential functions, maco is recessive and homozygous mutants survive past embryonic stages and die as larvae. maco mutants also have decreased voltage-gated sodium current (INa) densities and fail to fire action potentials in mechanosensory Rohon-Beard (RB) and retinal ganglion cells (Gnuegge et al. 2001; Ribera and Nüsslein-Volhard 1998) . Although RB cells normally exhibit extensive programmed cell death during embryonic and larval stages, these neurons persist longer in maco mutants (Svoboda et al. 2001) .
That maco mutants have RBs with reduced INa density and loss of action potential firing suffices, in principle, to explain their behavioral touch sensitivity and prolonged RB survival (Ribera and Nüsslein-Volhard 1998; Svoboda et al. 2001) . Similarly, the reduced INa density and lack of action potential firing by retinal ganglion cells in maco mutants can account for their behavioral blindness and mapping errors of retinal ganglion cell axons (Gnuegge et al. 2001; Neuhauss et al. 1999; Trowe et al. 1996) .
As INa is reduced in RB and retinal ganglion cells of maco mutants, a reasonable candidate for the affected gene would be one encoding a structural subunit of a voltage-gated sodium (Nav) channel. However, the maco mutation does not map to any of the genomic loci of zebrafish sodium channel ␣-subunit (scna) or ␤-subunit (scnb) genes (Chopra et al. 2007; Fein et al. 2008; Novak et al. 2006a,b) . In view of this, the maco mutation may reside in a gene that acts to regulate sodium channel function, especially in a developmental context, about which little is known.
In this study, we identify pigk as the gene harboring the maco mutation. The encoded protein, PigK, associates with other subunits to form the transamidase complex that attaches glyocophosphatidylinositol (GPI) residues to immature proteins (Zacks and Garg 2006) . pigk is a member of the PIG gene family that encodes over 20 different proteins that reside within the endoplasmic reticulum and are involved either in the synthesis or attachment of GPI anchors to nascent proteins (for review, see Chatterjee and Mayor 2001; Kinoshita 2014; Zacks and Garg 2006) . GPI-anchored proteins (GPI-APs) travel through the secretory pathway, and, upon exocytosis, are tethered to the extracellular face of the surface membrane. A previously reported zebrafish mutation, pigu, targets another subunit of the GPI transamidase complex and also results in touch insensitivity and reduced RB INa density (Nakano et al. 2010) .
Here, we investigate questions regarding the functional consequences of the maco mutation that is predicted to result in pigk loss-of-function. We also test whether the expression of wild-type (WT) pigk rescues deficits present in maco mutants. Ubiquitous expression of wild-type pigk effectively rescues the touch response in maco mutants, demonstrating that the maco mutation underlies the behavioral phenotype. Further, for maco mutants, expression of wild-type (WT) pigk limited to sensory neurons rescues RB INa amplitudes and the ability to fire an action potential. However, limiting WT pigk expression to RBs does not restore the touch response to maco mutants. Thus we propose that GPI-APs play several essential roles in the touch response.
MATERIALS AND METHODS
Animal care. All animal care was approved by and performed in accordance with the University of Colorado Institutional Animal Care and Use Committee and animal care guidelines. Zebrafish (Danio rerio) adults were housed in the University of Colorado Anschutz Medical Campus Zebrafish facility. Zebrafish care and breeding were performed as described by Westerfield (1993) . Embryos were maintained at 28.5°C in embryo media (EM; in mM: 130 NaCl, 0.5 KCl, 0.02 Na 2 HPO 4 , 0.04 KH 2 PO 4 , 1.3 CaCl 2 , 1.0 MgSO 4 , and 0.4 NaH 2 CO 3 , pH 7.2). Developmental staging was done on the basis of external morphological criteria (Kimmel et al. 1995) .
Mapping and sequencing. The maco tt261/tt261 mutation was mapped to a linkage group and marker using bulked segregant analysis. Fine mapping and sequencing were performed using a Tübingen background at the zebrafish mapping facility at the University of Louisville using previously published methods (Willer et al. 2005) .
Reverse transcription and real-time quantitative PCR (RT-QPCR).
RNA was extracted from WT embryos at ϳ0.5 (one-cell stage), 22 (25 somite stage), 36, and 48 h postfertilization (hpf) using TRIzol (Ambion, Life Technologies, Grand Island, NY) and Qiagen RNeasy mini kits (Valencia, CA). The extracted RNA was treated with Amplification Grade DNase (Invitrogen, Life Technologies, Carlsbad, CA). RNA was electrophoretically separated on a formaldehyde agarose gel and stained with ethidium bromide. Prominent 16S and 28S stained RNA bands, with 28S band twice as intense as the 16S one, were criteria for adequate RNA integrity.
One
Step Super Script kit (Applied Biosystems, Life Technologies) was used for reverse transcription and gene expression on a 7500 Fast Real-Time PCR Instrument (Applied Biosystems, Life Technologies).
The Vector and QPCR Core at the University of Colorado Anschutz Medical Campus performed real-time quantitative polymerase chain reaction (QPCR) assays. All QPCR experiments were performed as biological replicates, that were each analyzed technically in triplicate. Proprietary assays with primers and probes were purchased from Applied Biosystems (Assay ID Dr03082697_m1). The assay spanned the junctions of pigk exons 8 and 9. Cycling conditions were adjusted to those specified in the One Step Super Script kit (Applied Biosystems, Life Technologies). Data were analyzed with ABI 7500 software (version 2.0.6, Applied Biosystems) using all default parameters except that the threshold for the C T standard deviation was decreased from Ͼ0.5 to Ͼ0.3 to be more stringent. The relative standard curve method was used, and gene expression was normalized to that of the beta actin 2 gene, actb2. The validity of actb2 as the endogenous control was tested by measuring the C T standard deviation of all samples when assayed at equal concentrations. The standard deviation was consistently below 0.5, indicating that actb2 did not vary significantly between samples. Previous work has also validated actb2 as a housekeeping gene appropriate for normalization of zebrafish QPCR results (Casadei et al. 2011) .
Morpholino knockdown experiments. GeneTools (Philomath, OR) designed a translation blocking antisense morpholino (MO) oligonucleotide against a pigk 5=-sequence that included and flanked the start codon (ATG MO; AATAATCCATTATCGTTCGTCACCG). The control MO (CTL MO) was similar to the ATG MO but had 5 mismatched bases (AAaAATCgATTATgGTTCcTCAgCG). MOs were injected into WT embryos at the one-cell stage in volumes of ϳ1 nl. The ATG MO was injected at doses ranging between 0.5 and 3.5 ng/nl, while the CTL MO was injected at the highest dose only (3.5 ng/nl).
Touch assay. Embryos were assayed for touch responsiveness between 30 and 48 hpf, times at which WT embryos respond to touch. The assay consisted of touching the dorsal region of the trunk above the yolk or yolk sac extension 10 times per embryo. Each response was given a score of either one for a robust swimming response, 0.5 for a weak or abnormal response, and zero for no response. Scores were summed for each embryo, with the maximum score being 10 (Pineda et al. 2005) . Please note that genotyping (see below) was performed subsequent to behavioral testing, ensuring that responses were scored without knowledge of genotype (blinded).
Genotyping. Genotyping was performed on embryos produced by a maco tt261/ϩ incross, in which 25% were expected to be touch responsive mutants and 75% touch responsive WT and heterozygous embryos (siblings). The maco mutation does not introduce a change in restriction enzyme sequence, which is normally the basis for an easy in-house genotype assay. Consequently, a commercial vendor (Transnetyx, Cordova, TN) performed the genotyping using a specific proprietary probe for pigk.
Transgenic expression of pigk. Transgenic expression of WT pigk and mutant pigk (pigk_M1T) was achieved using Tol2 constructs (Kwan et al. 2007 ). Tol2 plasmids were constructed with either the ubiquitin B (ubb) promoter (Mosimann et al. 2011 ) for ubiquitous expression, or the CREST3 enhancer (kindly provided by Dr. Alvaro Sagasti, UCLA; Higashijima et al. 2000; Palanca et al. 2013; Uemura et al. 2005) for selective expression in sensory neurons. The 3=-element of the transgene contained an IRES-EGFP (Kwan et al. 2007 ). On the basis of GFP fluorescence, CREST3, but not ubb, allowed for successful translation of the IRES-EGFP reporter. The final Tol2 construct also included a transgene with the cardiac myosin light chain promoter driving expression of GFP, to allow rapid screening of transgenesis by examination of GFP expression in hearts.
Transposase RNA was synthesized in vitro using the pCS2FA-transposase plasmid (Kawakami 2004) . The plasmid was linearized using NotI-HF (New England Biolabs, Ipswich, MA), purified (Qiagen PCR Purification Kit, Valencia, CA), and RNA was transcribed in vitro (mMessage mMachine SP6 kit, Ambion, Life Technologies, Grand Island, NY). The RNA was then purified using the Qiagen RNAeasy mini kit (Valencia, CA) .
Approximately 25 pg of the Tol2 construct and 25 pg of transposase RNA were coinjected into embryos of WT clutches or maco tt261/ϩ incrosses at the one-cell stage. Embryos with GFP ϩ hearts were assayed for touch responsiveness at 48 hpf, as described above.
Confocal microscopy. Embryos were mounted laterally and imaged using a 3i Marianas spinning disc confocal microscope [Intelligent Imaging Innovations (3i), Denver, CO]. For all embryos at a given stage, the same settings were used to acquire sense and antisense images. Images were subsequently processed and analyzed using ImageJ (Schneider et al. 2012) .
Embryo preparation and electrophysiology. For electrophysiological study, we mounted embryos on glass slides in the presence of Tricaine (MS-222, Sigma-Aldrich, St. Louis, MO) using Vetbond (3M, St. Paul, MN) as described previously (Ribera and Nüsslein-Volhard 1998) . Embryos were then killed by transection of the hindbrain and the skin was removed with glass dissecting needles. Tricaine was then washed out with at least three rinses of the recording solution over a period of 5 min. Using a glass dissecting needle, the meninges covering the dorsal side of the spinal cord was cut to reveal RB cells.
All recordings were performed at room temperature using an Axopath 200B amplifier (Axon Instruments/Molecular Devices, Sunnyvale, CA). Data were acquired with pClamp10 and analyzed with Clampfit10 (Molecular Devices, Sunnyvale, CA). INa and action potential recordings were performed on RB cells in either uninjected embryos or ones injected with a transgenic construct that allowed for CREST3-driven RB-selective expression of WT or mutant pigk (pigk-IRES-EGFP or pigk_M1T-IRES-EGFP, respectively). In injected embryos, recordings were obtained from RB cells expressing GFP. Genetic identity (maco ϩ/ϩ , maco tt261/ϩ , or maco tt261/tt261 ) was determined after electrophysiology as described above. As genotyping was done subsequent to electrophysiology, recordings were obtained blinded to knowledge of genotype.
Voltage-clamp recordings of RB INa of 48 hpf maco sibling (maco ϩ/ϩ , maco tt261/ϩ ) and mutant (maco tt261/tt261 ) embryos were performed as previously described (Ribera and Nüsslein-Volhard 1998) . Cells were held at Ϫ80 mV, and INa was elicited by a series of 20-ms depolarizing voltage steps in 10-mV increments. The bath solution consisted of (in mM) 135 NaCl, 3 KCl, 20 TEA-Cl, 5 MnCl 2 (4 H 2 O), 5 HEPES (pH 7.4; 310 mOsm). The pipette solution contained (in mM) 120 N-methyl-D-glucamine, 20 TEA-Cl, 11 EGTA, 1 CaCl 2 (2H 2 O), 5 NaCl, 10 HEPES (pH 7.2; 300 mOsm). Glass electrodes with resistances varying between 1.1 and 7.1 M⍀ (average ϭ 3.8 Ϯ 1.5 M⍀) were used.
Current-clamp methods were used to elicit and record RB active membrane responses to current injection, as previously described (Moreno and Ribera 2009 ). The intracellular pipette solution contained (in mM) 135 KCl, 10 EGTA, and 10 HEPES, pH 7.4. The extracellular bath solution consisted of (in mM): 125 NaCl, 2 KCl, 10 CaCl 2 , and 5 HEPES, pH 7.4. ␣-Bungarotoxin (1 M) was included in the bath to immobilize embryos during recordings. To evoke RB active responses (e.g., action potentials), we injected depolarizing current, 1 ms in duration, that increased by 0.05 nA in each subsequent trial. The interstimulus interval was 1 s to avoid possible inactivation of sodium channels.
To compare the properties of the different types of responses evoked by current injection, we measured their amplitudes and rates of rise (dV/dt). For each cell, we analyzed the response that occurred in the trial after the first one that had an active response. In independent experiments, we verified that the small-amplitude responses were active by confirming their sensitivity to 1 M tetrodotoxin. The amplitude was calculated as the difference between the resting membrane potential and the active response peak. The rate of rise was calculated for the period of time between the end of current injection and peak of the active response. To be scored as an action potential, an active response had to meet two criteria: 1) amplitude Ն 20 mV; 2) dV/dt Ͼ 40 mv/ms. We also measured the minimum amount of current required to generate an active response (rheobase).
Statistical analysis. Statistical significance was assessed using nonparametic tests (Mann-Whitney, Kruskal-Wallis) with post hoc correction (Bonferroni Dunn) for multiple comparisons using InStat software (GraphPad, La Jolla, CA). P values Ͻ 0.05 were indicative of statistical significance and are provided in the figure legends. As indicated in the figure legends, data are presented either as means Ϯ SD, means Ϯ SE, or box plots that indicate the median, 25th, 75th, and 90th percentiles.
RESULTS

Maco mutants carry a mutation within the pigk gene.
The maco mutation was first mapped to the second chromosome using bulked segregant analysis and closely linked to Simple Sequence Length Polymorphism (SSLP) marker zC199A5 (Fig. 1A ). Sequencing and comparison of WT, mutant, and sibling DNA identified the pigk gene as the locus of a mutation present in homozygous mutants but not WT embryos.
The mutation consists of a thymidine to cytosine substitution in the pigk start codon, corresponding to an amino acid change of methionine to threonine (Fig. 1B) . The next potential inframe start codon occurs downstream of the signal sequence at amino acid 82. These results suggest that the identified mutation would result in loss of the signal sequence peptide that is required for translocation to the endoplasmic reticulum lumen, the normal site of PigK transamidase activity.
For understanding the consequences of gene mutation in zebrafish, it is important to consider the possibility of a fully or partially redundant gene due to the genomewide duplication event that occurred during teleost evolution (Amores et al. 1998; Holland and Williams 1990; Lopreato et al. 2001; Stock et al. 1996; Vandepoele et al. 2004) . Given that maco mutants do have specific deficits and ultimately die as larvae, if a duplicated pigk gene were to exist, it only partially compensates for loss of function of the one studied here. Further, search of the most recent Genome Resource Consortium GRCz10 reference assembly makes this possibility unlikely since we found no potential candidate for a duplicated pigk gene.
pigk mRNA is present at the one-cell stage and embryonic stages. GPI-APs are present in most cells, have diverse functions, and comprise ϳ0.5% of proteins in a wide range of eukaryotes (Eisenhaber at al. 2001 ; for review, see Kinoshita et al. 2008; Kinoshita 2014) . On this basis, we expected pigk to be expressed during embryogenesis. To investigate the temporal expression pattern of pigk mRNA, we performed reverse transcription on RNA extracted from WT and maco mutant embryos at several stages (one-cell; 24, 36, and 48 hpf), that was then followed by real-time quantitative PCR. We detect the presence of pigk mRNA at the one-cell stage ( Fig. 2A) , prior to the onset of zygotic transcription, indicating that the mRNA is maternally provided (Kane and Kimmel 1993) . In WT embryos, pigk mRNA expression occurs throughout embryogenesis (Fig. 2B) . Further, between 22 and 48 hpf, normalized pigk mRNA levels increase (P Ͻ 0.05; Fig. 2B 
embryos have a mutation in the pigk start codon. A: bulked segregant analysis was first used to map the maco tt261 mutation to a region of Chromosome 2. Subsequent fine mapping with Simple Sequence Length Polymorphism (SSLP) markers identified a region with no recombinants. This area was sequenced, revealing the maco tt261 locus in the pigk start codon. Asterisks designate the locus of the maco mutation. B: sequence chromatograms revealed a thymidine to cytosine substitution in the pigk start codon. Asterisks denote the residue of interest (black asterisk, wild-type sequence; red asterisk, mutant sequence).
We also compared the temporal expression of pigk RNA in maco touch unresponsive mutants and their responsive siblings. We detect pigk mRNA in both touch-responsive sibling and touch-unresponsive maco embryos. Moreover, the normalized levels of pigk mRNA are not decreased in unresponsive maco embryos (Fig. 2C) . These results indicate that the maco mutation does not lead to nonsense-mediated decay of pigk transcripts.
PigK knockdown phenocopies maco embryonic touch insensitivity and reduced RB INa amplitudes. As mentioned, the identified mutation in the pigk gene will eliminate the encoded protein's signal sequence, required for translocation to the endoplasmic reticulum lumen, the site of PigK's transamidase function (Fig. 1) . Accordingly, we would predict that the maco mutation results in loss of PigK function, an effect that would be phenocopied by knockdown of PigK protein. To test this, we used antisense MO methods to knockdown PigK in WT embryos and assayed effects on two known maco phenotypes: decreased touch response and reduced RB INa density.
maco mutants have touch scores of ϳ0, while WT siblings show scores near 10 (Fig. 3A ). At all doses tested (0.5-3.5 ng/nl), PigK MO injection results in a significant decrease in the touch response score vs. that resulting from injection of CTL MO (3.5 ng/nl; Fig. 3B ).
Another phenotype of maco mutants is reduction of INa amplitudes in RB cells (Ribera and Nüsslein-Volhard 1998) . The peak INa amplitudes recorded from RB cells in PigK MO injected embryos are significantly reduced compared with those in embryos injected with control MO (Fig. 3, C and D) . Overall, these data support the view that the mutation identified in maco mutants (Fig. 1) leads to loss of function of the pigk gene.
WT pigk rescues the maco phenotype. If the mutation that we have identified in the pigk gene underlies the maco phenotype, then overexpression of WT pigk in mutant embryos should rescue the deficits. Our first attempt to test this prediction consisted of injecting WT pigk mRNA into maco mutants, as this approach successfully restored the touch response in pigu mi310/mi310 mutants (Nakano et al. 2010 Fig. 2 . pigk mRNA is maternally expressed and detected during embryonic stages of development. To test for the presence of pigk mRNA during embryonic development, we performed qPCR using RNA extracted from wild-type (WT) embryos, touch-unresponsive maco embryos, and their responsive siblings. Data are presented as means Ϯ SD, with pigk mRNA levels normalized to those of actb2 mRNA (see MATERIALS AND METHODS) . A: qPCR detected pigk mRNA at the one-cell stage, indicating that the transcripts are maternally provided. B: in WT embryos, pigk expression levels increased between 22 and 48 h postfertilization (hpf). *P Ͻ 0.05, **P Ͻ 0.01. C: both responsive (maco ϩ/ϩ and maco tt261/ϩ , pooled) and unresponsive (maco tt261/tt261 ) sibling embryos expressed pigk mRNA at 36 and 48 hpf. At both time points, unresponsive and responsive siblings had similar pigk expression levels. RNA injections did not lead to rescue of the maco phenotype, even at RNA concentrations that produced significant embryonic defects and lethality (data not shown).
As an alternative approach, we drove expression of WT pigk transgenically in maco mutants. First, we injected a Tol2 construct containing the ubb promoter, ubb:pigk-IRES-EGFP, to drive expression of WT pigk in all cells (Mosimann et al. 2011) . The DNA was injected into the progeny of a maco tt261/ϩ incross. Each embryo was assayed for touch responsiveness at 48 hpf and subsequently genotyped.
For our first comparisons, we focus on the touch scores of uninjected maco ϩ/ϩ , maco tt261/ϩ , and maco tt261/tt261 embryos. There is a significant difference between the touch scores of maco ϩ/ϩ vs. maco tt261/tt261 (Fig. 4A, column 1 vs. column 3) , and maco tt261/ϩ vs. maco tt261/tt261 (Fig. 4A , column 2 vs. column 3) embryos. In contrast, the touch scores of maco ϩ/ϩ vs. maco tt261/ϩ embryos (Fig. 4A , column 1 vs. column 2) do not differ. These results are consistent with maco being a recessive mutation Fig. 4A, columns 1 and 2) . The latter result suggests that injection of the transgenic construct per se does not affect touch sensitivity (but see below).
For subsequent comparisons, we pooled the touch scores of maco ϩ/ϩ and maco tt261/ϩ groups ("siblings") as they did not differ significantly. First, we compare the touch scores of uninjected siblings (Fig. 4B, column 1 ) to those injected with ubb:pigk-IRES-EGFP or ubb:pigk_M1T-IRES-EGFP (Fig. 4B , columns 2 and 3). For these comparisons, there are no significant differences, consistent again with the view that injection of a transgenic construct does not affect the touch response of sibling embryos. However, siblings injected with ubb:pigk-IRES-EGFP (Fig. 4B, column 2 ) do have significantly higher touch scores than those injected with ubb:pigk_M1T-IRES-EGFP (Fig. 4B, column 3) , raising the possibility that overexpression of mutant PigK might have a mild negative effect on touch sensitivity.
We next assessed whether transgene injection could restore touch sensitivity to mutant embryos by comparing touch scores of uninjected maco tt261/tt261 embryos and maco tt261/tt261 embryos expressing a transgene (Fig. 4C) . maco tt261/tt261 embryos injected with ubb:pigk-IRES-EGFP (Fig. 4C, column 2) have significantly higher touch scores than do uninjected maco tt261/tt261 embryos (Fig. 4C, column 1) or maco tt261/tt261 embryos injected with the mutant pigk transgene (Fig. 4C, column 3) . Importantly, ubiquitous expression of WT pigk, but not pigk_M1T, partially restores the touch response of mutant embryos, supporting the view that the pigk mutation present in maco mutants (Fig. 1) underlies their touch-insensitive behavioral phenotype.
We next tested whether transgenic overexpression of WT pigk selectively in RB cells of maco tt261/tt261 embryos could also rescue the touch response of maco mutants. For these experiments, we used Tol2 constructs containing the CREST3 enhancer, rather than the ubb promoter, to limit expression to sensory neurons.
Control experiments, performed on sibling embryos (maco ϩ/ϩ , maco tt261/ϩ ), show that CREST3 driven expression of either WT pigk or pigk_M1T does not lead to significantly different touch scores compared with those of uninjected sibling embryos (Fig. 4B, columns 4 and 5 vs. column 1). However, as for injection of the ubb:pigk_M1T-IRES-EGFP construct, injection of either CREST3:pigk-IRES-EGFP or CREST3:pigk_M1T-IRES-EGFP (Fig. 4B, columns 4 and 5) has a small but significant effect on touch sensitivity, compared with that of embryos injected with the ubb:pigk-IRES-EGFP construct. The bases for the these small reductions in touch sensitivity are not clear. Overall, the median touch scores of siblings injected with either CREST3:pigk-IRES-EGFP or CREST3:pigk_M1T-IRES-EGFP (ϳ8; Fig. 4B A C B siblings *** *** *** * Fig. 4 . Ubiquitous but not RB-restricted expression of WT pigk rescues touch responsiveness in maco tt261/tt261 embryos. One-cell-stage embryos were either not injected or injected with the indicated transgenic constructs. Touch responsiveness was assayed at 48 hpf, and genotyping was performed after behavioral testing. In the graphs, the solid horizontal lines designate the median score, boxes indicate the 25th-75th percentile range, and whiskers show the 90th percentile. Sample size (n) is indicated within the figure. The data presented in A for uninjected embryos are reshown in B and C as the uninjected conditions. A: uninjected WT (maco ϩ/ϩ ; column 1) and heterozygote (maco tt261/ϩ ; column 2) embryos have significantly higher touch scores than do sibling maco tt261/tt261 mutants (column 3). ***P Ͻ 0.001. B: data were pooled for maco ϩ/ϩ and maco tt261/ϩ embryos injected with the same transgene. Regardless of transgene injection, the different sibling groups all had touch scores that were closer to 10 than 0. However, sibling embryos injected with ubb:pigk-IRES-EGFP (column 2) had slightly higher median scores than those injected with ubb:pigk_M1T-IRES-eGFP (column 3) or either of the CREST3 driven transgenes (columns 4 and 5). *P Ͻ 0.05, ***P Ͻ 0.001. C: data for embryos that were genotypically homozygous for the maco mutation (maco tt261/tt261 ). maco tt261/tt261 embryos injected with ubb:pigk-IRES-EGFP (column 2) had significantly greater touch scores than did uninjected maco tt261/tt261 embyros (column 1) or those injected with ubb:pigk_M1T-IRES-EGFP (column 3), CREST3:pigk-IRES-EGFP (column 4), or CREST3:pigk_M1T-IRES-EGFP (column 5). *P Ͻ 0.05, ***P Ͻ 0.001. 5) are close to those of uninjected touch-sensitive siblings (ϳ9; Fig. 4B, column 1) .
We next considered the effects of RB-limited pigk expression on touch sensitivity of mutant embryos. maco mutants injected with CREST3:pigk_M1T-IRES-EGFP (Fig. 4C , column 5) have touch scores that are similar to those of uninjected mutants (Fig. 4C, column 1) . However, in contrast to the effects of ubb-driven ubiquitous expression of WT pigk (Fig.  4C, column 2) , genotypically maco tt261/tt261 embryos injected with CREST3:pigk-IRES-EGFP (Fig. 4C, column 4) have touch scores that are ϳ0 and not significantly different from those of the uninjected maco tt261/tt261 group (Fig. 4C,  column 1) .
Overall, these results indicate that ubiquitous expression of WT pigk, but not pigk_M1T, restores the touch response to mutant embryos. In contrast, CREST3-driven RB-limited expression of WT pigk does not rescue the touch response.
Expression of WT pigk in RB cells of maco mutants restores I Na amplitudes. Possible explanations for the lack of rescue of the touch response by the CREST3:pigk-IRES-EGFP transgene include 1) an insufficient number of RB cells expressing WT pigk, or 2) the transgene led to low levels of WT pigk expression in RB cells, below that required to maintain normal INa amplitudes. However, on the basis of GFP fluorescence, multiple RB cells express the transgene in injected embryos (Fig. 5, A, B, and D) . Moreover, Douglass et al. (2008) demonstrated that activation of a single RB cell sufficed to elicit a behavioral response.
As noted, GFP expression identified RB cells that successfully expressed the transgene (Fig. 5, A-D) . This allowed us to test directly whether transgenic expression of WT pigk in a RB cell of a maco mutant could rescue INa amplitude and action potential firing. RB INa amplitude is significantly reduced in maco tt261/tt261 compared with maco ϩ/ϩ or maco tt261/ϩ embryos (Fig. 5, E-H) , as shown previously (Ribera and Nüsslein-Volhard 1998) . For control purposes, we then determined the effects of CREST3-driven expression of WT pigk or pigk_M1T in the context of a responsive sibling (maco ϩ/ϩ , maco tt261/ϩ ) (Fig. 5I) . RB INa amplitudes recorded from injected genotypically maco ϩ/ϩ and maco tt261/ϩ embryos (siblings) do not differ and were pooled for subsequent comparisons. In RBs of siblings that were either uninjected (Fig. 5I, column 1) or injected with CREST3:pigk-IRES-EGFP (Fig. 5I, column 2) or CREST3:pigk_M1T-IRES-EGFP (Fig. 5I, column 3 (Fig. 5J, column 2 vs. column 1) or embryos expressing pigk_M1T in RB cells (Fig. 5J, column 2 embryos display an active response (Table 1 ; e.g., Fig. 6A) . Further, these active responses rise slowly, are of small amplitude, and do not meet the criteria to be considered action potentials (Table 1 ). In contrast, for 8/8 RBs of maco tt261/tt261 embryos injected with the CREST3:pigk-IRES-EGFP construct, current injection elicits active responses and 50% of these responses were of sufficient amplitude and rate of rise to be considered action potentials (e.g., Fig. 6A ; Table 1 ). There is no significant difference in the active response amplitudes or dV/dt's recorded from RBs of WT vs. maco tt261/tt261 embryos injected with CREST3:pigk-IRES-EGFP (Fig. 6, B and C) .
We also compared the amplitude of the minimum amount of current required to elicit any type of active response (rheobase). RB cells in WT embryos or maco tt261/tt261 embryos injected with CREST3:pigk-IRES-EGFP do not differ in the minimum amount of injected current required to elicit an action potential (Fig. 6D) . Further, RB cells in WT embryos fire action potentials, in response to significantly less current than that required to elicit even the slow, small-amplitude active responses of a subset of RBs in maco tt261/tt261 embryos (Fig. 6D) .
Taken together, these data indicate that CREST3-driven expression of WT pigk suffices to rescue INa current amplitude and action potential firing in RB cells of mutant embryos (Figs. 5 and 6). However, despite this functional rescue of two PigK-dependent RB properties, transgenic expression of WT pigk in RB cells of maco mutants does not restore the touch response to mutant embryos (Fig. 4C) .
DISCUSSION
We report that the maco phenotype is due to a single nucleotide substitution in the pigk gene (Fig. 1) . The encoded protein, PigK, functions as an essential subunit of the GPI transamidase complex and thus is required for biosynthesis of GPI-APs. PigK's function in GPI attachment does not provide obvious insights into the molecular basis of the decreased touch response of maco mutants. Consequently, the possibility of additional, presently unknown functions for PigK emerges. However, the finding that another zebrafish PIG mutant, pigu mi310/mi310 , also has a reduced touch response and decreased RB INa density (Nakano et al. 2010 ) supports the view that defective GPI-AP formation underlies the maco and pigu touch-insensitive phenotypes and reduced RB INa density.
Our studies also provide new insights regarding the requirements for GPI transamidase function in the touch response. While ubiquitous expression of WT pigk in maco mutants rescues the touch response, selective expression of pigk in RB cells does not, even though RB INa density and action potential firing recover (Figs. 4 -6) . Previous work has demonstrated that the firing of one RB cell suffices to generate the behavior associated with the touch response (Douglass et al. 2008 ).
Taken together, the results reveal that the touch response has additional requirements for GPI transamidase function beyond maintenance of normal INa density and action potential firing in RB cells. This conclusion was not expected, given that the reductions in RB INa density and the resultant loss of action potential firing should suffice to explain the behavioral touch insensitivity.
Identification of a single base change in pigk provides the long-sought answer for the identity of the gene responsible for the maco phenotype. As is often true, the answer to one question leads to several new ones. In particular, given the large number of GPI-APs (Kinoshita 2014), one might expect that the maco mutation would lead to pleiotropic rather than the observed specific phenotypes (Gneugge et al. 2001; Neuhauss et al. 1999; Ribera and Nüsslein-Volhard 1998; Svoboda et al. 2001; Trowe et al. 1996) . Moreover, given that GPI-APs play diverse essential functions during embryogenesis, loss of transamidase function would be expected to result in embryonic lethality. In mice, deficiency of PigA function does lead to embryonic lethality (Kawagoe et al. 1996; Keller et al. 1999; Tremml et al. 1999 ). However, maco mutants survive to larval stages .
Partial answers to these questions emerge from study of inherited human diseases resulting from mutations in genes involved in GPI-AP biosynthesis (for review, see Kinoshita 2014) . Twenty-two human PIG genes exist as well as four PGAP (Post GPI Attachment to Proteins) genes (Almeida et al. 2006; Bosch et al. 2015; Fujiwara et al. 2015; Hansen et al. 2013; Howard et al. 2014; Krawitz et al. 2013; Murakami et al. 2012; Murakami et al. 2014; Nakamura et al. 2014; Ng et al. 2012; Ohba et al. 2014; Thompson et al. 2012) . PIG genes are involved in GPI synthesis and attachment to proproteins, while PGAP genes are required for final remodeling of the GPI residue after attachment to a protein (Kinoshita 2014). Similar to maco mutants, humans carrying PIG or PGAP mutations typically survive well beyond embryogenesis. The notable exception are males that carry mutations in the X-linked PIGA gene and die at delivery or soon afterwards (Johnston et al. 2012) .
Reduction rather than complete loss of surface GPI-AP expression might account for the more typical extended survival of individuals carrying PIG or PGAP mutations (Kinoshita 2014). For example, in the case of PIGM, the mutations target the promoter region and result in decreased but not total loss of pigm transcription (Almeida et al. 2006) . Similarly, for coding region mutations in the human PIGA, PIGL, and PIGN genes, surface GPI-AP expression persists albeit at severely reduced levels (Johnston et al. 2012; Ng et al. 2012; Ohba et al. 2014 ). An additional possible explanation for the extended survival may be partial compensation provided by secretion of proteins that would normally have been GPI-APs and tethered to the cell surface (e.g., McKean and Niswander 2012) . In support of this possibility, mutations in PIGO and PIGV lead to increased serum levels of alkaline phosphatase, a protein that is normally tethered to the cell surface via a GPI anchor (Fujiwara et al. 2015; Murakami et al. 2012; Nakamura et al. 2014) .
Similarly, maco mutants survive to larval stages. It is not known how many GPI-APs exist in zebrafish nor what effect the maco mutation has on their surface expression. A possible mitigating factor may be maternally provided pigk mRNA (Fig. 2) , that could allow for sufficient biosynthesis of GPI-APs to meet the needs of early embryogenesis. However, injection of the PigK MO, which would block translation of maternally provided pigk mRNA, does not lead to increased lethality compared with that observed for WT or maco mutant embryos (data not shown). In contrast, injection of MO targeting another member of the GPI transamidase complex, pigt, does result in early embryonic defects (Kvarnung et al. 2013) . While the basis for the different effects of MOs targeting pigk vs. pigt is not clear, it is possible that maternal stores provide not only pigk mRNA but also PigK protein. Alternatively, the effects detected by injection of PigT MO may reflect the notorious nonspecific effects of this antisense method, even though control injections and rescue experiments suggest accurate targeting of the PigT MO (Kvarnung et al. 2013 ; but see, Kok et al. 2015) .
The human conditions do not provide good answers to questions concerning the basis for the specific rather than pleiotropic effects of PIG or PGAP mutations. The total repertoire of symptoms observed collectively in humans carrying PIG or PGAP mutations are remarkably diverse, consistent with the large number of GPI-APs (Ͼ 150 in humans) and their known essential roles (Kinoshita 2014 a limited range of deficits (e.g., Almeida et al. 2006; Hansen et al. 2013; Horn et al. 2011; Johnston et al. 2012; Kvarnung et al. 2013; Maydan et al. 2011; Murakami et al. 2012; 2014; Ohba et al. 2014 ). Similar to zebrafish maco (pigk) and pigu mutants, human PIG or PGAP mutations typically result in impaired neuronal development and/or function. How might GPI-APs be involved in the touch response? The touch response initiates in the free mechanosensitive nerve endings of RB processes that innervate the skin (Clarke et al. 1984) . RBs then contact the Mauthner neuron in the hindbrain as well as a local interneuron, the commissural primary ascending interneuron (CoPA). CoPAs in turn excite other interneurons (see below), ultimately leading to firing of motor neurons and their innervated muscles (Bernhardt et al. 1990; Downes and Granato 2006; Gleason et al. 2003; Hale et al. 2001; Low et al. 2012; Metcalfe et al. 1990; Pietri et al. 2009 ). Thus, disruption of any step ranging from the initial mechanotransduction, to generation and conduction of an action potential in any of the involved neurons, to synaptic transmission both centrally as well in the periphery at the neuromuscular junction and finally muscle contraction, could potentially be affected by loss of PigK function. That maco mutant embryos swim spontaneously, however, points to requirements for PigK prior to muscle.
Study of the touch-insensitive mutant, fakir (far), raises the possibility that a potential site for GPI-AP-dependent function in the touch response is the RB presynaptic terminal (Low et al. 2012) . far mutants carry a mutation in the cacna1ab gene that encodes the Cav2.1b pore-forming ␣-subunit of P/Q type calcium channel complexes. P/Q-type calcium channel complexes also contain ␣2␦ subunits, which are GPI-APs (Davies et al. 2010) . Further, P/Q calcium channels play important roles in the release of neurotransmitter from presynaptic terminals in vertebrate species including zebrafish (e.g., Wen et al. 2013) . In zebrafish, RB neurons show abundant expression of cacna1ab (Low et al. 2012) . Moreover, far mutants appear to have normal motor network and muscle function but defective touch-dependent activation of motor function, similar to maco mutants. Taken together, these results suggest that RB presynaptic terminals might require ␣2␦ calcium channel subunits for neurotransmitter release and thus are a candidate for a site within the touch circuit requiring GPI-AP function.
Using a combination of lesion, behavioral, electrophysiological, and morphological approaches, Pietri et al. (2009) obtained evidence for an interneuron microcircuit, the rostral loop, that is essential for the touch response. This microcircuit is located in the rostral spinal cord and transforms ascending sensory information emanating from RB activation of CoPAs into descending motor commands. Candidates for interneurons with appropriate soma locations and descending axonal projections include CiD (Circumferential Descending) and IC (Ipsilateral Caudal projecting) cells (Bernhardt et al. 1990; Hale et al. 2001; Mendelson, 1986) . In combination with our results, the findings of Pietri et al. (2009) point to CiD and IC interneurons as other candidates for touch circuit sites with GPI-AP-dependent function.
Additional insights into possible sites of GPI-AP-dependent functions emerge by considering the large reduction of INa density in RB cells of maco mutants (Ribera and Nüsslein-Volhard 1998). The scn8aa gene underlies the majority of RB INa, thus making it a potential target of GPI-AP-dependent regulation (Low et al. 2010; Novak et al. 2006b; Pineda et al. 2005) . While dorsal interneurons in the vicinity of RBs appear to have normal INa densities, scn8aa expression is also detected in as yet unidentified interneurons, with somas located in positions ventral to those of RBs and similar to those of CoPA, CiD, and IC interneurons (Novak et al. 2006b; Ribera and Nüsslein-Volhard 1998) . In addition, subsets of motor neurons express scn8aa (Novak et al. 2006b; Yonkers and Ribera 2009 ). These findings point to these unidentified scn8aa-expressing interneurons and motor neurons as additional candidate sites for GPI-AP-dependent functions.
Study of touch-insensitive zebrafish scn8aa mutants, however, imposes some caveats for use of the scn8aa expression pattern as the basis to identify potential sites of GPI-AP function in the touch circuit (Low et al. 2010) . In touchinsensitive scn8aa mutants, RB cells maintain the ability to fire action potentials despite having reduced INa density (Low et al. 2010 ). This caveat suggests that mutation of pigk may affect more than one type of sodium channel complex. Potential candidates are complexes containing ␣-subunits encoded by other scna genes expressed in RB neurons, i.e., scn1lab and scn8ab (Novak et al. 2006b ). Loss of pigk function either spares some sodium channel complexes or reduces but does not abolish their function, because a small-amplitude INa persists in RBs of maco mutants (Ribera and Nüsslein-Volhard 1998) . Nakano et al. (2010) found that surface expression of a sodium channel ␤-subunit was reduced in isolated, dissociated RB cells of maco mutants compared with those of control embryos. On this basis they hypothesized that embryos require GPI-AP(s) for proper surface membrane trafficking of Nav complexes and normal INa amplitude in RB cells, and consequently for touch sensitivity. Using MOs, they undertook a candidate approach to test whether knockdown of one or a combination of GPI-APs could lead to touch sensitivity. On the basis of known interactions with Nav complexes, a promising candidate is Contactin1 (McEwen and Isom 2004; Rush et al. 2005) . However, contactin1a MO injection did not result in touch-insensitive embryos (Nakano et al. 2010) . Similarly, we found that knockdown of Contactin1 does not phenocopy maco touch insensitivity (data not shown). These results are consistent with the demonstration that, when studied in vivo, mammalian Contactin1 associates with Nav complexes containing Nav1.8 and Nav1.9, but not Nav1.6 or Nav1.7, ␣-subunits (Rush et al. 2005 ). Nav1.8 and Nav1.9 are mammalian orthologs of zebrafish nav12aa and nav12ab, while Nav1.6 and Nav1.7 are orthologous to nav1.6 (nav1.6a, nav1.6b) and nav1.1L (nav1.1La, nav1.1Lb) duplicates, respectively (Novak et al. 2006a) .
Using the MO approach, Nakano et al. (2010) tested additional candidates including Tag-1, Contactin4a, Contactin4b, and Contactin5, either individually or in combination with each other. However, in no case was touch insensitivity observed. In view of our findings, however, the touch response is not a reliable surrogate for RB INa function. If the goal is to identify the GPI-AP(s) involved in regulation of RB INa amplitude, the results of candidate gene experiments warrant direct assay of RB INa.
The study of zebrafish touch-insensitive mutants began with the isolation of several mutations that resulted in embryonic touch sensitivity . The next advance consisted of the demonstration that, in four of six touchinsensitive mutants studied, RB cells have reduced INa density (Ribera and Nüsslein-Volhard 1998) . The latter finding indicates that screening for touch sensitivity serves as an unexpected but efficient method for isolation of genes that affect RB INa. Recently, alligator (ali), one of the four mutants with reduced RB INa density (Ribera and Nüsslein-Volhard 1998) , was shown to carry a mutation in rnf121 [Really Interesting New Gene (RING) finger protein 121] encoding an E3-ubiquitin ligase (Ogino et al. 2015) . RNF121 ensures proper localization of correctly folded RB sodium channel complexes by regulating two alternative Nav channel fates, either degradation by the proteasome or surface membrane insertion. A candidate approach would have been unlikely to uncover pigk, pigu or rnf121 as genes involved in regulation of sensory neuron INa, given their previously (rnf121) and still (pigk, pigu) unknown roles in sodium channel cell biology. Taken together, the study of zebrafish touch-insensitive mutants demonstrates the ability of forward genetics to uncover genes that are novel or have unexpected functions.
At present, two touch-insensitive mutants, crocodile (cro) and steifftier (ste), with reduced RB INa amplitude (Ribera and Nüsslein-Volhard, 1998 ) still await identification of their lesioned genes. Thus the 1996 screen for locomotion mutants may provide yet more insights into the novel genes and mechanisms that regulate voltage-gated sodium channel function in a developmental context.
